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The velocity and angular distributions of,[droduced from the reduction of NO by,lén RH(111)

have been measured in the low nitrogen coverage limit as a function of surface temperature. Both
the angular and velocity distributions are well fit by bimodal forms. The high energy channel has
average translational energies about six times that expected for molecules accommodated at the
surface temperature, an unusually sharp angular distribution, and angle dependent velocity
distributions. The low energy channel is also hyperthermal, with average translational energies
about twice thermal, a cosine angular distribution, and velocity distributions which are independent
of angle. Application of surprisal analysis to the data shows that the high energy channel may be
characterized by constraints on the normal velocity and the total energy; the low energy channel
may be characterized by a single constraint on the velocity1996 American Institute of Physics.
[S0021-960696)00116-X

INTRODUCTION desorption angle and surface temperature. Although the con-
ditions are far from those of practical catalysts—ultrahigh
Rhodium is included in three-way catalysts primarily for vacuum and reducing conditions—these velocity distribu-
its ability to reduce nitric oxide and nitrogen oxide to tions provide information about the potential energy surface
nitrogen?? Platinum and palladium also catalyze the reduc-(PES governing the final step in the formation of,Na
tion of nitric oxide, but the primary products are ammoniacrucial element in a description of the catalytic activity of
and nitrous oxide rather than the desiregl Nlhe origin of  rhodium in this reaction.
the selectivity of rhodium catalysts for the formation of N Product velocity distributions have been measured for a
has been the subject of a great deal of sttily.formation is  number of surface reactions, and show a wide variety of
also interesting as an example of a bimolecular surfacangular and temperature dependentie®’ In general, if
reaction with a large barrier, an extremely important classhere is no barrier in the final step of the reactiem., de-
of reactions which, though basic, are not yet fully under-sorption of a physisorbed molecylengular distributions are
stood. expected to be roughly cosine and velocity distributions are
Little is known about the dynamics of NO reduction on expected to be similar to Maxwell-Boltzmann distributions
Rh(111). At low (room temperature thermaknergies M  at the surface temperaturg, with an average energy of
does not dissociatively adsorb on rhodi@isp the dynamics 2k, T,. Peaked angular distributions and average energies
of N, sticking and recombinative desorption are also un-greater than B, T are associated with energy barriers in the
known. In contrast, the dynamics of,Mteractions with iron  final step of the reactiorf.
have been vgidely studied, due to their importance in ammo-
nia synthesis.N, sticking on F¢111) is translationally acti-
vated with a barrier of~1-2 eV® while vibrational energy EXPERIMENT
does not promote the reactidfi.The sticking coefficient is These experiments were performed in a molecular beam
also temperature dependent, increasing with surface temperseattering machine which has been described pre-
ture, which suggests that the reaction occurs through a mavously?’3132 only the features essential to these experi-
lecularly chemisorbed precursbN, dissociative adsorption ments will be described in detail here. The UHV scattering
on Re surfaces is also temperature dependent, and TPDs dfiamber is pumped by a 400s ion pump and a TSP, con-
N, recombinatively desorbing from R#1) have a marked tains a three-axis crystal manipulator, and an independently
isotope effect° Tunneling has been suggested to be impor-otatable differentially pumped quadrupole mass spectrom-
tant in the dynamics of Ninteractions with both iron and eter detector. Continuous beams gféhd hydrogen are pro-
rhenium surface$'2 The dynamics of W sticking on tung- duced by supersonic expansion in the source chamber. The
sten surfaces have also been explot@irect activated ad- beams are in a plane perpendicular to the scattering plane,
sorption with a barrier is seen on (M0*® and both acti- one(the center beajrin the scattering plane defined by the
vated and precursor-mediated channels are found oplane of rotation of the detector, which can be chopped be-
W(100).141° fore the crystal, and the othéthe side beaminclined by
In this work, we examine the dynamics of the M®,  15°. The beam spots overlap at the crystal and are about 5
reaction on the R111) surface by measuring the velocity mm in diameter. The intensity of the side beam may be es-
distribution of the product N molecules as a function of timated from measurements of Ar beams in ion gauge
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fluxmeters, and may be varied from aboutfb 10 s?  RESULTS
(0.1to 1 ML/9. The crystal may be moved out of the path of i 4 -1
the center beam and the detector rotated to measure the ve- With NO and H beams of~10* s™* we measured N
locity distribution of the incident beam directly coverages less than 0.05 ML at all temperatures from 700 to
. . ) . 1000 K; the saturation coverage of nitrogen on(RH)

A doubly differentially pumped post-crystal chopper is ) X L . i

d to obtain th duct velocity distributi AN i when dosing with atomic nitrogen is0.6 ML.” The oxygen
used 1o obtain the product velocity distributions. An 1on coverages were also small, less than 0.1 ML. The TOF spec-
pumped housing containing the mot@n ac hysteresis mo-

L o ) tra, within our error, were not dependent on the NO beam
tor with high temperature windingsa small light bulb, and intensity, suggesting that the coverage dependence of the dy-

photodiode is bolted to the detector and rotates with it. Aqamics is weak in this low N coverage regime.

small slotted disk on one end of the motor shaft interrupts the  Tpe only products observed were Bnd HO. We did

light from the bulb which is detected by the photodiode top gt detect any Nhlor N,O. TOF spectra of the O product

create the trigger signal. The other end of the motor shafsroduced in this reaction were found to be identical to those

extends through a second ion pumped region into the scagneasured from the 40, reaction, which suggests that the

tering chamber, where the cross-correlation chopper is keyefihal step of water formation involved only the adsorbed oxy-

to it. The chopper interrupts the product flux from the crystalgen atom, rather than the NO molecule. When the hydrogen

10.5 cm from the ionizer of the mass spectrometer. beam is turned off, Blproduction rapidly decreases and be-
The chopper pattern is a pseudorandom sequence of 5Tbmes undetectable, perhaps because O atoms fill up the

slots and holes, and the wheel speed was 195.69 Hz, oravailable sites for N adsorption and prevent NO

channel time of 1Qus. The N TOF spectra were generally dissociatior?®

collected in 310°—1 shots, or 15 mind 1 h ofdata col- Typical N, TOF spectra are shown in Fig. 1. The surface

lection. The surface was annealed at 1300 K after every 1&mperature is 700 K and the fits are simply shifted Boltz-

min of data collection to remove any oxygen absorbed in thénanns:

bulk of the Rh crystal. The TOF spectra were fit by decon-

volving them from the chopper pattern, and fitting the peak 3 v—vg)|?

to a model function corrected for the velocity dependence of f(v)=No exp{ _( o ) } @

the ionization probability and convolved with the instrumen-

tal broadening due to the finite Iength of the lonizer. This form was chosen primarily for its flexibility: it varies
The Ri111) sample(Cornell Materials Preparation Lab g qq¢h1y from a Maxwell-Boltzmann distributiofwith v

was cut and polished to within 1'° of th@l]) face and ‘equal to zero andr equal to\(2ksTo)/(m)) to a narrow
checked by x-ray Laue back reflection. The primary contami; 5 ssian typical of a supersonic beam. The TOF spectra
na?ts were S, B, and C. S and B were removed by cycles qfecome slower and broader at more glancing desorption
Ar” sputtering(10 uA, 900 K) followed by annealing at angles, but never approach a Maxwell—Boltzmann at the sur-
1300 K. C was removed daily by exposing the crystal toface temperaturéshown by the dashed lines in Fig). 1
oxygen at 900 K and annealing at 1300 K. Oxygen absorbed There is no physical interpretation of the parameters of
into the bulk of the sample was removed by annealing thehe shifted Boltzmann, but fitting the spectra allows them to
crystal at 1300 K for 3 min between measurements. Cleanlibe conveniently integrated to obtain the average energy and
ness was checked by Auger spectroscopy, and surface flattal intensity of the velocity distributions. The average en-
ness by He reflectivity. ergy near normal6;=2°) is shown as a function of tempera-

In all of these measurements, we used continuous beantgre in Fig. 2. The dashed line shows the expected energy for
of NO and H, with fluxes of ~10'¥s (~1 ML/s) as esti- molecules equilibrated at the surface temperature, that is,
mated from fluxmeter measurements of Ar beams. The N
atom coverage was measured by monitoring thentensity (E)=2kyTs, )
after the NO beam was turned off. The integral of this inten-
sity was compared to the integrated®signal from titrating

: e the average energy of a Maxwell-Boltzmann distribution at
a saturated0.5 ML) oxygen overlayer with bl The ioniza- 1o s rface temperature. The energy of the productisN

tion probabilities of N and water are roughly .equ%ﬁ;the nearly four times this value, and increases with a slope of
efficiency of the mass filter for the two species is assumed bg g + 1k, . The precision of the measurement of the aver-
similar. The surface coverage of oxygen was measured byge energy may be gauged from the scatter in the data which
titrating with H, after the NO beam was turned off. The js ahout+30 meV; similar error bars should be assumed for
coverages of NO and hydrogen could not be measured using| of the energy measurements. The accuracy of the energy
these methods because they desorb too quickly. Estimatingeasurement, that is, the calibration of the time of flight, was
coverages from sticking coefficients and kinetic parameterghecked using effusive beams of He ang Dhese measure-
determined from temperature programmed desorptioments suggested errors of less than 5 meV, much smaller
measurement$® yields ~10 > ML for molecular NO and  than the scatter inherent in the current measurements, which
~10"* ML for hydrogen in the temperature range of theseis due to the low energy resolution at high energies. The
measurement&/00—1000 K. angular dependence of the average energy is shown in Fig. 3.

J. Chem. Phys., Vol. 104, No. 17, 1 May 1996

Downloaded-14-Sep-2004-t0-128.196.212.217.~Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



6824 Colonell, Gibson, and Sibener: NO reduction by H, on Rh(111)

350_""I""I""I""l""l"'l"‘_ L T L AL I L B
[ o ] 300:
% 300 [ :
2 ] 250
= r L
= -
3 250 [
= I 200
< L L
=] L
2 200 i
2 [ 150
Z [ [
150 [
p 100 |
i 250 |
~ 250 i
2 i I
g 200 | 200 1
= [
5 [ |
& 150 | 150 |
z i
100 ¢ ™
250 | 250
g [ [
g 200- 200
= I
g, I
& 150 [
z" ‘ 150
100 |
250 F I
I 250
§ 200_ 200
= I
[=]
&h
3. 1s0l [
Z(\l | 150
....|..c.’.l....|....|....|....(P...c.)~ T T R B S PR B
50 0 50 100 150 200 250 300 50 0 50 100 150 200 250 30
Time (ULs) Time (Us)

FIG. 1. TOF spectra at;=700 K, deconvolved from the chopper function. The solid lines are fits to shifted Boltznigqnél)]; the dashed lines are
Maxwell-Boltzmann distributions at the surface temperature.

The energy decreases rapidly at small desorption angles and |(¢;)=a cod\(6;)+(1—a)cog 6;), 3
approaches a constant value at glancing angles. However,

even at 60°, the average energy is nearly twice that expectegheren is ~25+5, and is roughly constant with tempera-
for molecules equilibrated at the surface temperature. Thaure. This is unusually sharp for an angular distribution, even
intensity decreases sharply with increasing desorption angléor a reaction with a large barrier: For,Hlesorbing from
Angular distributions measured at surface temperatures afu(111)*"*8n~14, while for CG formed by oxidation of O
700 and 900 K are shown in Fig. 4. The angular distributionson Rh and P39 n~9. Only extremely energetic systems
are best fit by the bimodal form show such sharp angular distributions, e.g.fdtmed by the
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FIG. 2. Average energy of the ,Ndesorbing atf;=2° as a function of

surface temperature. The solid line is a linear fit to the data:

(E)(meV)=5.5+1)k, T;+97(x50). The dashed line is E¢2), the expected

energy for molecules equilibrated at the surface temperature. FIG. 4. Angular distribution of the intensity of desorbing.NDpen circles:
Ts=700 K; filled circles:T¢=1000 K. The solid lines are fits to E(8) and
the dashed line is c0&).

decomposition of hydrazin®, for which n~100 and CH
formed by the photoinduced hydrogenation of L£Hn
P(111),*! for which n~30. The second parametea, in-
creases from~0.4 to ~0.55 asT, increases from 700 to

is assumed to be independent of desorption angle, are shown
as a function of temperature in Fig. 6. For both, the energy

. ) o ) increases with a slope of 2k, T. The average energy of the
1000 K, that is, the fraction of the cbportion increases with high energy peak is shown as a function of angle in Fig. 7: It

mcrt_—:‘r?qsw;g stutﬂ‘a;:(tehtemperature. b hiv ind decreases with increasing desorption angle. The two peaks
€ fact that tne average energy becomes rougnly in erhay be integrated over all angles to yield the relative inten-

pendent of angle at large desorption angles coupled with thSities of the two channels: The ratio of the high energy to the
bimodal angular distributions suggests that the TOF distriburOW energy N is shown as a function of temperature in Fig

tions might also be bimodal. The observed angular deperg
dence of the average energy suggests that the component

which has a cd®;) angular distribution, and dominates at

large desorption angles, has velocity distributions which aré)ISCUSSION

independent of desorption angle. The second component has The adsorption and decomposition of NO has been stud-
a sharper angular distribution and higher energies, and itied on a variety of Rh surfacé&36-*The kinetics of the
velocity distributions are angle dependent. The resultingeduction of NO by H and CO have also been studied on

form of the TOF spectrum is Rh*4°~%7and PtRA®®-*Calloy surfaces, and show a rich va-
v—vo(6;))2 riety of behaviors, from oscillations in reaction rates and
f(v)=N(6;)v3 ex;{ - (—Of) } selectivities to square chemical waves. The reaction mecha-
a(6r) nism for the reduction of NO by Hin the absence of am-
cog gf)} monia formation is believed to B
——|feo(v), 4
cog60)| © ) @ NOg)—NOg, )
wherefgy(v) is simply a shifted Boltzmann fit to the data at Ha(g) < 2Hag), (6)
60°. Fits to this form of TOF spectra taken at a surface tem-
perature of 900 K are shown in Fig. 5. The average energies NO@g—N@gt Oy @)
of the high energy peak at 2° and the low energy peak, which 2H(a9+Oaa—H20g) @)
N(ag +N@aa—Na(g) » 9
600 T T T T T T
o N(ad)—'—NO(aa)_)NZ(g) + O(ad)' (10)
§5oo L * . Y One of the unsettled questions concerning this mecha-
= . nism is the relative importance of reactiai® and(10). The
S a0 °° . ] two channels were originally proposed in the mechanism of
E) o o . N, formation in temperature programmed desorption spectra
§ 300 [ ° . . of NO on polycrystalline rhodium by Campbell and WHife.
< © o 5 They observed two peaks in the, NPD spectra which they
200 les . . . . . s suggested could be due to the operation of these two mecha-
0 loDesoff())tion :I?gle ) dt(;rees)so 60 nisms for nitrogen formation. Root and Schnifdalso ob-

served two peaks in the TPD of NO on @f&1) and inter-

FIG. 3. Desorption angle dependence of the average energy. Open circidefeted them in the same way, assigning the |OW temperature
T,=700 K; filled circles:T;=900 K. (~450 K) peak to reaction(10) and the high tem-
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FIG. 5. Fits of TOF spectra at 900 K to the bimodal form in E4). The dashed lines show the decomposition into a high enerdy &;psdistributed
component and the c@%) distributed component which is independent of angle. The solid line shows the sum.

perature(~700 K at low coveragesto reaction(9). How-  temperatures. Obuckat al® measured the kinetics of NO
ever, Bugyi and Solymo$have since measured TPD spectrareduction by hydrogen on Rh foil and also measured TPD
of N, desorbing from R{L11) dosed with atomic nitrogen spectra of recombining N atoms accumulated on the surface
and found they are identical to those from NO dosedduring the reaction. They found that the kinetics of fldr-
Rh(111).3* Therefore, the reaction of adsorbed NO with N to mation during the steady state reaction and during the N
form N, is not seen in TPDs of NO on this surface. TPDs were the same, and concluded thatfdtmation pro-

The more relevant situation, however, is the reaction ofceeds by the same mechanism in the two cases, though re-
NO and H under steady state conditions at high surfacecombination of nitrogen atoms. They also studied the kinet-
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FIG. 6. Temperature dependence of the average energy of the two peaks|G, 8. Ratio of intensities of the high energy and low energy components

The filled circles are the average energy of the high energy pegk=a. of the TOF distribution, integrated over desorption angle, as a function of
The solid line is a linear fit to these points{E)(meV) surface temperature.

=3.3(£1)k,Ts+350(£90). The open circles show the average energy of the
low energy peak. The solid line is a fit to these data:
(E)(meV)=1.9*+1)k,Ts+130+60). The dashed lines are fits to the van

Willigen model.

positive if the process is endothermic. Unfortunately, the en-

ics of N, formation during the decomposition of NHand ergy of dissoclative gdsorpthn of ;Non Rf(lll) IS
found that it, too, had the same kinetics, supporting thei'unknown—vyhen there ,'S a barrier to a.dso.rptlon, TPD mea-
conclusion. Reactioi10) has been shown to be significant Surements yield an eftlmate of the activation energy, not of
on PtRh surfaces at high NO pressures and low temperatur&sasorpior BUgyi et al.” found an activation energy of 205
(<500 K);*® N,O is a major product in the reaction of CO kJ/mol (2100 meV from their low coverage NTPDs. As-
and NO on RKL11) at high pressure®, so the reaction of suming that the adsorption of,Mn Rh(111) is exothermic,
NO and N may also occur on RHL1). In short, both chan- this provides an upper limit on the total energy available for
nels may be active under our reaction conditions, but sinc@artitioning among the modes of the product Molecule
the surface temperature is relatively high, and the NO presand the surface.
sure low, nitrogen atom recombination is expected to domi-  Essentially nothing is known about the energetics of the
nate. reaction of adsorbed NO and nitrogen atoms. Again, the
The overall reduction of NO to Nand water is exother- binding energy of the nitrogen atom is unknown. The acti-
mic by 79 kJ/mok820 me\j. However, the energetics which vation energy for the reaction has not been measured even on
affect the dynamics of Nformation are those of reactions ptRh surfaces where it is known to occur, since it is difficult

(9) and (10) in the mechanism outlined above, particularly to study it independently from nitrogen atom recombination.
reaction(9), the recombinative desorption of two adsorbed

nitrogen atoms. The excess energy of a newly formegd NOrigin of the bimodality

molecule(Eq) is One possibility for the two channels observed in the an-

Etota= Eactivation— A Hreactior Eactivatior— Eadsorptioh N2). gular and velocity distribution is that they represent reactions

(11) (9) and(10) in the reaction mechanism suggested. This ques-

EagsorptioN2) is the heat of dissociative adsorption, and, fol- tion can pnly b_e decided by me?‘suf'”g.the corresponding
lowing convention, is positive if the adsorption is exother- Velocity distributions for ¥ recombination in the absence of

mic. AH,eacioniS the enthalpy change for desorption, and isNO: Unj%rltunately, neither N nor NH; decomposes on
Rh(111),™** so a source of atomic N or, perhaps, excited N

is necessary for this definitive experiment. It is important to
note, however, that it is also possible that the two peaks

700 ' ' ' ] represent two channels of,NMecombination. As mentioned
S e e o 700K earlier, there are two peaks in the NIPDs: If the second
e . ° J00K] ] peak is due to a second adsorption sitestead of nitrogen
g" o © ¢ atom islands, or some other state which is only accessible at
L;O s00 L ° . ] high coveragesthe two peaks could correspond to the two
g peaks seen in the velocity distributions. Another possibility
< is that the two channels correspond to different vibrational
400 : N states of the product N Since the transition state for the

0 10 20 30 40 reaction is likely an elongated ;Nmolecule parallel to the
Desorption Angle (degrees) . . . . .
surface, the PES for desorption into a vibrationally excited

FIG. 7. Average energy of the high energy peak as a function of desorptiorII\IZ molecule might t_’e expectgd t(_) be ConSiderably different
angle.T,=700 K: filled circles:Ts=900 K. than for desorption into the vibrational ground state.
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Temperature and angular dependence of the average pendicular to the surface normal: Only molecules with
energy enough “normal energy” overcome the barrier and desorb.
Apart from detailed molecular dynamics simulations, The temperature dependence of the average energy of both

which require a calculation of the entire PES for the reactionchannels may be fit fairly well with this model, with barrier
most dynamical models of surface reactions are based on tigights of 350 meV for the high energy channel and 130
idea of one dimensional barriers, or a distribution of onemeV for the low energy channébashed lines in Fig. )6
dimensional barriers. The earliest and simplest of these is thdowever, the model also predicts a sharp cutoff in the TOF
van Willigen modeF? which assumes a single barrier per- spectra at the barrier height which we do not see for either
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FIG. 9. TOF spectra a;=1000 K fit to the surprisal form in Eq15).
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channel. Also, the predictions for the angular dependence df a particular measured distribution can be defined by a
both the energy and the intensity are incorrect. According teingle parameter, a plot of its surprisal ivavill be linear.
this model, the sharply peaked angular distribution of the  To apply surprisal analysis, one must choose a prior dis-
high energy peak should correspond to a barrier height ofribution and make an educated guess about the constraints.
600 meV, and the energy should increase sharply with inFor the case of molecules desorbing from a surface, a logical
creasing desorption angle. Similarly, the @gangular dis- choice for the prior distribution is that which arises from
tribution of the low energy peak would correspond to a bar-"‘equilibrium” desorption, where the desorbing molecules
rier height of zero. have accommodated at the surface temperature,
Another version of the single one-dimensional barrier
model was suggested by Doy&hwith important refine- —mp?
ments by Verheijet all® and Angeret al® It relates the fo(v)=Nov® cog 909)“{%)- (14)
energy of the desorbing molecules to the angular distribution °
using a simple model for the interaction of the desorbing , . .
molecules with the surface phonons. This model predicts tha%urprlsal analysis of the high energy peak
the average energy scales with the sharpness of the angular In the case of the high energy peak, the high energies
distribution. For the cd3(¢;) distribution of the high energy indicate a constraint on the velocity or energy. However,
peak, it predicts an average energy okJ®, while for the  surprisal plots of the velocity distributions using either of
cog#) distribution of the low energy peak, it predicts an these constraints are nonlinear, suggesting that more than
average energy ofigT;. one parameter is required to describe the velocity distribu-
tions. The sharply peaked angular distribution indicates a
constraint on the desorption angle, probably either on the
Surprisal analysis normal velocity or the normal energy. Surprisal plots of the
. . ngular distributions were found to be linear for both con-
Given that the actual potential energy surface has at Ieas‘/ﬁI ints: Th | . ] h to distinauish
6 degrees of freedom, it is not surprising that a one dimen§ faints. 1he anguiar range Is not large enougn to distinguis
Petween ca®;) and cod(6), but one or the other is the key

sional model might not be able to account for all aspects o . e ) .
) onstraint on the angular distribution. Thus we tried combi-
the dynamics. However, when only two of those degrees o?

. o : ations of constraints on the normal velocity, normal energy,
freedom are being measured it is actually unlikely that all o . ; 4
the degrees of freedom need to be included in a model whic otal velocity, and total energy. The form which we found fit
9 ; e velocity distributions at all desorption angle$tis make
accounts for the data. A standard method for constructing . " . ;
. - . . e sign of\; positive, the sign of the surprisal parameters
model with the minimum number of parameters is surprisal
. . . . as been changed from Eq42) and (13)]
analysis, which has been used extensively in gas phase

dynamicsS® and has also proved useful in analyzing the dy-

namics of surface reactioR5%%” Surprisal analysis has f(v,0;)=N;fo(v,0r)exgd Aqv cog 6)+ \v2]

been discussed at length elsewh&é?so only the primary

result will be stated here. +N, cog 0) foo(v) (15)
The functional form for the “most random” possible cog60) '

distribution subject to som&mal) number of constraints is wheref oi(v) is the same shifted Boltzmann as in E4). \;,

N2, N; and N, are not functions of the desorption angle, so
. . ] all of the velocity distributions of the high energy peak at all
fm(|)=f0(|)exp{—2 )\nAn(')} (120 desorption angles are fit with just four parameters. TOF
spectra at 1000 K with fits to Eq15) are shown in Figs. 9.
wheref (i) is the measured distribution, thg are the sur-  The temperature dependence of the surprisal parameters is
prisal parameters, tha,, are the constrained variables, and shown in Fig. 10.
fo(i) is the “prior” distribution, the most random possible The physical meaning of the constraints may be inter-
distribution in the absence of any constraint. Another Userbreted using detailed balance, a|th0ugh the conclusions must
quantity is the information content of the distribution, or pe treated with caution, since measurements are made far
“surprisal” which is defined from equilibrium and the effects of the internal state distri-
butions are completely unknown. In general, at equilibrium,
w the sticking coefficient as a function of velocity and incident
fo(i)

1(i)==In angle is given by

}:A1A1+)\2A2+"' . (13)

velocity distribution of desorbing molecules

S(v, 61)= velocity distribution of a gas affs incident on the surface

(16)
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FIG. 10. Temperature dependence of the surprisal parameters used to fit the
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which, for the high energy peak becomes

<
W
T

S(v, ;) xexg A v cod 6;)+ \v?]. (17
It is important to realize that this form only applies for the
energy range probed at a particular temperature, which may
be determined from the range of energies seen in the mea-
sured velocity distributions: about 200—900 meV at 700 KFIG. 11. Panel(a): Dependence of the sticking coefficient via the high
_ : ergy channel on velocity, calculated for 700(s06lid line) and 1000 K

gnd 200 1950 meV at 100_0 K. Thus although the_ eXpress'cjfc{zl]ashed ling The dashed vertical line marks the top of the velocity range
in Eq. (17) is not monotonic over all values @f (SiNCEX;  measured at 700 K. Pangi): Same aga) for sticking via the low energy
andX, have opposite signsthe sticking coefficient is mono- channel. As discussed in the text, the normalization of these curves is arbi-
tonic over the velocity range observed at these temperature%@ry: the absolute values of the sticking coefficients cannot be determined
The negative values of, cause the sticking coefficient to o™ he dat@
increase more slowly with normal velocity than a simple
constraint on the velocity. scramble the energy among all the modes of the molécule.

The temperature dependence of the surprisal parametefius the dynamics are not expected to be strongly tempera-
could be due to at least two causes. The most straightforwarre dependent. _ _
is that the energy dependence of the reaction probability ~EXtracting information about the PES from the velocity
changes as the temperature changes. A second possibility 3 €nergy dependence of the sticking coefficient is more dif-
that different energy ranges are probed at different temperdicult. This system does not obey normal energy scaling,
tures, and that the dependencesos, 6;) is somewhat dif- which argues against the dynamics being dominated by an
ferent at different energies. If this is the case, we can patcﬁssentially one-dimensional barrier, or a distribution of one
togethers(v, 6;) over the whole energy range from sticking dimensional barneys in thg en.trance channel f@rshbklng.
coefficients measured at different temperatures, as shown ifotal energy scaling, which |5150bserved forlsthe activated
panel(a) of Fig. 11. The solid line is(v,0°) at 700 K and  channel of N sticking on W100™ and W110),™ also fails
the dashed line is(v,0°) at 1000 K, calculated from the 1O describe the data. The fact that the constraint on the total
surprisal parameters from the line fits in Fig. 10. The abso€nergy is negative, so that energy in non-normal directions
lute values of the sticking coefficients are not known: weactually hinders the reaction, is suggestive of a constrained
have no way of measuring the proportionality constant in Eqg€ometry near the transition state. If, for example, the reac-
(17), and the sticking coefficients have been arbitrarily setion can occur only in a specific point in the unit cell, veloc-
equal atv =0.25 cmis. The dashed vertical line shows the ity parallel to the surface might make it less likely for that
top of the velocity range measured at 700(%9% of the condition to be met. In this regard, it is important to remem-
intensity of the velocity distribution measured at 700 K and aber that the energies of the desorbing moleculesnaueh
desorption angle of 2° is below this vajudhe curves are higher than those of the Maxwell-Boltzmann distribution at
quite similar below that point, but above it the 700 K curve isthe surface temperature: Only a few percent have enough
much too steep to fit the data at 1000 K. What Fig(all €nergy to overcome the barrier. Thus we may be sampling
shows is that a single(v, 6;) could fit the data across the Only the lowest possible barriers at the most optimal geom-
whole temperature range, but that curve will have a morétries, rather than seeing an “average” barrier characteristic
complicated form than Eq17). Although temperature de- Of @ large energy range on the PES.
pendence of the dynamics can not be ruled out, the strong ical vsis of the | K
dependence of the reaction probability on normal velocity urprisat analysis ot the low energy pea
suggests that the molecule does not interact much with the Surprisal plots of velocity distributions at 60° were
surface during the reaction, since that would tend tofound to be linear for a constraint on the velocity and clearly

Sticking Coefficient (arb. units)

_____

0.05 0.1

L L
0.15 0.2
Velocity (cm/usec)

<

0.25
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FIG. 12. Fits of the TOF spectra 8=45° and#;=60° to the surprisal form in Eq18).
nonlinear for a constraint on?. Since the angular distribu- S(v, 8;)xexp\v). (19
tion is cosine, there is no constraint on the angle, and the
expected form for the velocity distributions is Figure 13 shows that has a fairly strong temperature de-
B pendence. As mentioned earlier, this can be due to tempera-
f(v)=Nfo(v)exprv), 18 ture dependence of the dynamics or be a result of the differ-

whereN is a normalization constant,(v) is the prior dis- ent energy ranges probed at different temperatures. The latter
tribution as defined in Eq14) and\ is the surprisal param- idea can be tested, to some extent, by attempting to construct
eter. Fits of the data at 45° and 60° and a few temperaturesn s(v, 6;) function which covers the entire energy range.
are shown in Fig. 12. As abovl, and\ are not functions of Panel(b) of Fig. 11 is analogous to pan&): The solid line
the desorption angle, so a single valuendé determined for is s(v) at 700 K and the dashed line &gv) at 1000 K,
eachTy. The fits are not quite as good as shifted Boltzmanngalculated from values of the surprisal parameter from the
(which is why the latter were used in fitting the high energyline fit in Fig. 13. The dashed vertical line marks the top of
peak but Eq.(18) describes the data quite well, and with the energy range of the 700 K data. Again, the absolute val-
fewer parameters. The temperature dependence of the sures of the sticking coefficients are not known, and the stick-
prisal parameter is shown in Fig. 13. ing coefficients have been arbitrarily set equalvat0.15

As with the high energy peak, and with the same cave€m/us. Unlike the case of the high energy peak, the $to)
ats, the surprisal results may be interpreted using detailedurves are substantially different even where the energy
balance to extract the velocity dependence of the stickinganges of the two measurements overlap, which suggests that
coefficient for this channel the dynamics are actually temperature dependent in this case.
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40—, . . channel appear to be temperature dependent; these properties
of the dynamics both suggest a strong interaction of the mol-
ecule with the surface during the reaction.
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